Abstract The Human Disease Glycomics/Proteome Initiative (HGPI) is an activity in the Human Proteome Organization (HUPO) supported by leading researchers from international institutes and aims at development of disease-related glycomics/glycoproteomics analysis techniques. Since 2004, the initiative has conducted three pilot studies. The first two were N-and O-glycan analyses of purified transferrin and immunoglobulin-G and assessed the most appropriate analytical approach employed at the time. This paper describes the third study, which was conducted to compare different approaches for quantitation of N-and O-linked glycans Kazuaki Kakehi deceased in 2014
attached to proteins in crude biological samples. The preliminary analysis on cell pellets resulted in wildly varied glycan profiles, which was probably the consequence of variations in the pre-processing sample preparation methodologies. However, the reproducibility of the data was not improved dramatically in the subsequent analysis on cell lysate fractions prepared in a specified method by one lab. The study demonstrated the difficulty of carrying out a complete analysis of the glycome in crude samples by any single technology and the importance of rigorous optimization of the course of analysis from preprocessing to data interpretation. It suggests that another collaborative study employing the latest technologies in this rapidly evolving field will help to realize the requirements of carrying out the large-scale analysis of glycoproteins in complex cell samples. 
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Introduction
One of the fields that has benefitted from the advancement of glycoanalytical technologies is the discovery of novel biomarkers. Sufficiently specific and sensitive biomarkers allow early identification of disease and improved diagnoses, which will lead to safer and more efficacious treatments. Biomarkerbased diagnostics may be used in the development of treatment strategies which are tailored to the conditions of individual patients. Over the long term, the use of biomarkers may improve patient welfare by delivering better health outcomes. [1] Importantly they provide disease targets and insights into disease mechanisms and pathways of pathogenesis. Glycosylation processing pathways have long been known to be altered in most diseases, including cancer and autoimmune diseases as well as in congenital disorders of glycosylation. These changes are potential clinical markers that can be detected on tumour tissue, in the cytosol or on glycoproteins secreted from the tumour cells.
Glycosylation can contribute to the metastatic potential of cells by supporting detachment of cells from the primary tumour, aiding intravasation and extravasation, camouflaging them from the immune system, and promoting angiogenesis [2] [3] [4] . The technology now exists to associate altered glycomes directly with genetic disease and epigenetic changes, as well as with transcriptomes, metabolomes, proteomes and other -omics [5] [6] [7] [8] [9] , providing further insights into the integrated biology of tumour cells and the mechanisms of disease. The potential of glycosylated epitopes in clinical medicine is well recognised; however until recently, translation into practice has been hampered by the lack of rapid, reliable, reproducible technologies for glycan analysis.
The Human Proteome Organization (HUPO) is an international scientific organization representing and promoting proteomics through international cooperation and collaborations by fostering the development of new technologies, techniques and training. The Human Disease Glycomics/Proteome Initiative (HGPI), one of the activities in HUPO, aims to perform disease-related glycomics/glycoproteomics using three major complementary approaches -functional glycomics and highsensitivity, high-throughput liquid chromatography (LC) and mass spectrometry (MS). The HGPI consists of a number of researchers and collaborators throughout the world who are dedicated to fostering and accelerating research progress in disease glycomics by pursuing collaborative and interdisciplinary research.
The HGPI has conducted three pilot studies on standard glycoprotein analyses as well as congenital disorders of glycosylation (CDG) screening since 2005. In the first study, Nlinked glycans were analysed using standardized purified glycoproteins (i.e., immunoglobulin (Ig) G and transferrin) with the participation of 20 laboratories worldwide. [10] In the second pilot study, O-glycomics analysis was conducted on three samples of IgA1 purified from the serum of patients with multiple myeloma by 15 laboratories around the world. [11] The purpose of the former first and second pilot studies was to compare different methods (e.g., LC-based and MS-based technologies) for quantitation of N-and O-linked glycans.
The aim of this third pilot study was to compare the data from a total of 14 labs, which undertook either or both the preliminary analysis (lyophilized cell pellets of three cancer cell lines) and the follow-up analysis (glycoproteins extracted from cell membrane and cytosolic fractions of two cancer cell lines). The labs used different technologies, enabling us to gain some insights into the strengths and limitations of these approaches in this particular field. There are many ways to compare data, including profile comparison, characterising glycans by type (e.g., high-mannose, hybrid, fucosylated, neutral and sialylated complex), reporting critical features (such as levels of Lewis antigens, core fucose, galactosylation or sialylated structures), or providing evidence of antigenic epitopes such as α-Gal from detailed glycan analysis. Here we have emphasised levels of sialic acid as these are important features of cell surface glycosylation that have been implicated in many diseases. Supplementary Figures 1, 2, 3) .
Material and methods
The results were compared based on the assumption that the protocols were optimized and the experimental processes and repeatability maintained by each laboratory, through the first and second pilot studies. Unlike the first and second HGPI studies on purified proteins, however, there was no standard glycan structure to be used for the appropriate comparative evaluation of the results. Moreover N-glycans on the cell surface are more complex and heterogeneous than on single glycoproteins. In fact, the number of detected glycans was largely different between the different labs and it was impossible to compare the abundance of each structure, since these differences seemed to be associated with the differences in the protocols used for the analysis of the glycans. Therefore, we judged the appropriateness of the analytical results based on the correlation of the relative amounts compared across each lab. Namely, for N-glycans, correlations of results by each analytical method were compared semi-quantitatively based on the number of sialic acids (asialo, mono-sialo, disialo, tri-sialo, tetra-sialo) detected on the glycan structures by each lab (Fig. 2) . O-glycans were also evaluated by the number of attached sialic acids as well as by the number of detected structures for those labs which employed similar MS methods (Figs. 3 and 4 ). This is a rather simple comparison in contrast to the first pilot study in which purified
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Follow-up analysis: analysis of the membrane and cytosolic fractions
Due to the large variation in the preliminary results of the analysis of cell pellets, one laboratory prepared samples by a single extraction method, (Supplementary Methods 2) and the membrane and cytosolic fractions of two cell lines (Hodgkin's lymphoma cell [L428] and lymphoma cell [U937]) were provided to 10 labs (Lab A to L) for analysis. Each laboratory used independent analysis protocols as shown in Table 2 and Supplementary Method 3.
There are 6 steps in glycan analysis that need to be addressed and optimised: sample preparation, glycan release, glycan labelling and clean up (if used), separation technologies, quantitation and data interpretation. The following sections describe the different approaches taken by the 10 participating labs for each step.
Sample preparation
The preliminary study showed that different approaches to sample preparation resulted in different glycan analytics. Although the analytical strategies varied, it was clear that the major challenge, as in the proteomics field, lay in deciding on the best possible sample preparation method to recover all the proteins on the cell membranes and in the cytosol. In the follow up study, the sample preparation was carried out in a central lab (AIST) and aliquots of the membrane and cytosolic fractions were sent to each lab to test the effectiveness of this approach of separation of the cell membrane and cytosolic protein fractions for glycan analysis. Judging from the results, it seems that there was cross contamination of the membrane and cytosol in both fractions. This suggests the need to develop better separation technologies. One approach may be to release glycans directly from the whole cell, but this has been disappointing in that it is very hard to remove all the glycans without destroying the cell. Another approach that was explored here was to recover and analyse all the cellular glycopeptides together and then separate the data depending on the attached glycan structures.
In Labs A, C, E, H, I, and J, glycoproteins were treated by protease-digestion into glycopeptides prior to glycan release, and in Labs B, F, K, L, glycans were released from glycoproteins directly without digestion ( Table 2 ). The procedures from sample preparation to detection were almost the same in three labs (Lab F, K, L). In addition, most of the labs prepared glycan samples sequentially from the samples, with release of N-glycans first and then releasing O-glycans; except for lab B, which released N-glycans directly from glycoproteins and then the O-glycans from glycopeptides after protease treatment (Fig. 5a, b) .
Glycan release
All labs released N-glycans using enzymatic treatments, but released O-glycans by chemical treatment as there are no appropriate endoenzymes for O-glycan release such as exist for N-glycans (peptide N-glycosidases) (Fig. 5a, b) . In labs A and B, which employed HPLC analysis using luminescent labelling, O-glycans were released as reducing sugars by β-elimination prior to derivatization. In contrast, in labs C to L, glycans were released as alditols, by β-elimination under reducing conditions, for MS analysis which does not allow labelling. It is known however that O-glycans released as reducing sugars under alkaline conditions degrade as side reactions. As a possible consequence, Lab A, which used β-elimination alone, resulted in about 20 % of the detected products being unidentified, whereas other labs that released O--glycans as alditols did not see any unidentified glycan products (Fig. 6) . Most labs released glycans in solution, but Labs F, K, and L released N-and O-glycans sequentially from lysates immobilized on a polyvinylidene fluoride (PVDF) membrane.
Glycan labelling and clean up
For derivatization of released glycans, Lab A and B (HPLC analysis) labelled N-and O-glycans with a luminescent labelling agent (2-aminopyridine [PA] or 2-aminobenzoic acid [2AA]). For the MS analysis (Lab C to L), mainly two derivatization methods were used. One method methylated the carboxyl and hydroxy groups of sialic acids and the resultant hydrophobic glycans were analysed in the positive ion mode to increase the ionization efficiency of released glycans. The other method directly analysed the released glycans as alditols by negative ion mode MS. Of the eight labs using MS, five (Labs E, F, I, K, L) enzymatically released N-glycans, and used one of these methods to carry out the analysis.
Separation technologies and quantitation
In the two labs that conducted HPLC analyses, Lab A fractionated the pyridylaminated glycans by the number of sialic acids using an anion-exchange column (DEAE column), and further separated the PA-glycans with a reverse phase column (C18 or C30 column). The compositions of the peaks in each fraction were detected by Matrix Assisted Laser Desorption/ Ionization (MALDI)-MS and the detailed glycan structures were determined by HPLC mapping using GALAXY software [12, 13] . The HPLC peaks, in which multiple glycans were detected by MS, were further fractionated by an amide column and the structures determined by HPLC mapping. Relative amounts of each glycan were calculated based on the areas of the HPLC separated elution peaks. In Lab B, 2AA-labeled glycans were fractionated and characterized based on the number of sialic acids using a column of immobilized serotonin. For N-glycans, detailed structures were determined by MALDI-MS/MS after sialidasetreatment of each LC separated sialic acid fraction. The relative amount of each detailed structure was calculated based on the MS signal intensity. In the eight labs employing MS analysis, some permethylated the hydrophilic groups of the released glycans and analyzed in the positive ion mode, and the others analyzed native glycans in the negative ion mode (except for Lab H). The systems were either MALDI-MS (Lab C, E, and J) or electrospray ionization (ESI)-MS (Lab F, H, I, K, and L). In the MALDI-MS, glycan mixtures were applied to MS (/MS) without separation, and the relative amounts of each structure were calculated based on the MS signal intensity. In this regard, MALDI-MS does not discriminate isomers having the same mass. On the other hand, since the ESI-MS analysis uses LC-MS(/MS), the glycan mixtures were separated on-line by
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Results
All laboratories had participated either or both the first [10] and second [11] pilot studies, in which purified glycoproteins were subjected for analysis. Each lab used their own protocols and established methods, and the validity of each method is ensured by the participants (Supplementary Method 3) . To reduce the variability of the structures identified in the first analysis, many of which were attributable to the total cellular protein extraction process, cell membrane and cytosolic fractions were pre-prepared and sent to the participating labs, and the results were evaluated based on the analytical methods. As more results were submitted for the cell membrane fraction, we mainly discuss the analysis of the cell membrane fraction here.
In the HPLC analysis (Lab A and B), both labs used a similar process of separation and detection of glycans. In the N-glycan data, based on separation by number of sialic acids (Lab A and B in Fig. 6 ), L428 (Panel A) showed similar trends in both labs, but U937 (Panel B) did not. In the MS analysis, a variety of MS signals (almost 40) were detected, identified and similarly compared based on grouping the structures according to the number of sialic acids. However, even with the same preprepared samples, the results, as based on the numbers of sialic acids, were largely different among the labs. Although Lab F, K, and L used almost the same pretreatment, separation, and MS analysis methods, there was little similarity in the results (Fig. 6) . This may be due to loss of relatively labile sialic acid residues in the work up of the samples or during the analysis.
In the O-glycan analysis, the results were evaluated similarly based on grouping the structures according to the relative amount of sialic acids (Fig. 7) . The relative amounts of glycans (released by β−elimination, labeled with fluorescent tags and analysed quantitatively by HPLC) are largely different from those of MS analysis: about 90 % of the detected forms were asialo glycans in the HPLC analysis, while MS detected almost no asialo glycans. Considering that a similar tendency was observed in the preliminary analysis using cell pellets, this difference may be partly because of the degradative side reactions of O-glycan release under non-reducing conditions. This is substantiated by the results of Lab A, that detected about 20 % of unidentified products that are presumed to be degradation products. In the MS analysis of O-glycan alditols, the relative amounts of each sialylated structure group were similar using both ionization methods (MALDI or ESI). This tendency was also observed in the preliminary analysis using cell pellets. As the results of O--glycan MS analysis were more similar than those of the N-glycans, further analysis was conducted on each glycan structure based on the relative MS signal intensities between Lab E, F, I, K, and L (Fig. 8) . However, unlike Fig. 7 that Fig. 6 Relative quantities of N-glycans based on the number of sialic acids (asialo, mono-sialo, di-sialo, tri-sialo, tetra-sialo) from lyophilized cell membrane fraction (a: L428, b: U937) by each laboratory. Percentages of the identified glycan structures to the total glycans are presented Fig. 7 Relative quantities of O-glycans based on the number of sialic acids (asialo, mono-sialo, di-sialo) and the unidentified structures from lyophilized cell membrane fraction (a: L428, b: U937) by each laboratory. Percentages of all classes to the total glycans are presented shows similar sialylated grouping patterns, large variability was observed between different ionization methods of each structure. Although Lab F, K, and L used almost the same procedure for the O-glycan analysis, there was no significant reproducibility of structure abundance and the variations were large.
Thus, the analysis of the released N-and O-linked glycans by the different technologies showed significant variation. MS is a very high resolution technology and can report compositional data with a high degree of accuracy. It performs less well when used for quantitation because some oligosaccharides are better ionised than others. Mannose structures for example are usually overrepresented by MALDI MS and single MS is not able to provide monosaccharide sequence and linkage information; this requires fragmentation data. Where LC/MS is used, some linkage information can be deduced from the LC elution order [14] [15] [16] .
In the positive ion mode of MALDI-MS and ESI-MS, the sialic acids of sialylated glycans tend to be lost if they are not modified. When sialic acids are lost upon ionization, the resultant MS signals are not distinguishable from the precursor asialo forms, causing lower estimation of the relative abundance of sialylated glycans. Therefore to prevent removal of sialic acids and to increase the ionization efficiency of glycans, esterification of the carboxyl group or methylation of carboxyl and hydroxy groups is often used as a pretreatment. In this study, the labs that used MALDI-MS conducted complete methylation of samples to prevent loss of sialic acids. Completely methylated glycans have different m/z from that of their precursor asialo forms even if they are desialylated upon ionization. In contrast, the negative ion mode of ESI is an efficient method that does not lose sialic acids. Thus for the comparison of glycan abundance based on MS signal intensities, both acidic and neutral glycans can be measured in the negative ion mode. Negative ion mode ionization results in sialylated glycans having better ionization efficiency than asialo glycans [17] , and thus the glycans with a higher number of sialic acids are estimated at more than the amount actually present. The membrane glycoproteins would be expected to be heavily sialylated, therefore we expect that technologies that conserve sialic acids would more faithfully represent the glycosylation. In general, 2-3-linked sialic acids are increased in cancer compared with 2-6-linked sialic acids, [17, 18] perhaps as a result of disruption of the Golgi or changes in the glycosyltransferase levels. Cancer also reflects in increased levels of lactosamine structures which favour 2-3-linked sialic acids, as well as increases in tri-and tetra-antennary scaffolds which provide more antennae for sialylation. [19] .
Discussion
In the preliminary analysis using cell pellets as the common samples, the results of the N-glycan profiles varied more than expected but were semi-quantified in the first study. This was probably because of the unspecified pre-processing sample preparation methodologies used by the different laboratories, including the glycoprotein enrichment methods. The subsequent analysis addressed this problem by providing cell lysate fractions prepared by the same preprocessing in the same laboratory. However, it only showed that a specified sample preparation method did not necessarily improve the reproducibility of the N-glycan profiles between different laboratories using different analytical workflows. Clearly, the diversity of the glycan structures in the sample, and the large variety of glycoproteins with heterogeneous glycan structures attached, affected the reproducibility of the data obtained. In fact, even the same pre-prepared membrane samples showed little similarity between the grouping of N-glycan structures as asialo, monosialo, and di-sialo glycans (Labs F, K, and L in Fig. 6 ). Some similarity was found if limited to a comparison of the major types of glycan classes. Therefore, if further analysis of complex samples such as cells is to be compared between laboratories, it will be necessary to not only specify detailed protocols for sample preparation but also for standardized analytical procedures and equipment, in order to enable inter-laboratory variability to be determined. When the fundamental technology (such as HPLC and MS) is different, it is apparent that it is not possible to obtain comparable data on complex samples. Optimization of sample preprocessing procedures appears not to be sufficient and it may be necessary to apply uniform computational processing of the experimentally obtained data. In that context, the minimum information required for a glycomics experiment (MIRAGE) initiative represents a first important step forward towards standardized reporting of experimental conditions [20, 21] ; http://www.beilstein-institut. de/en/projects/mirage).
Glycan analysis remains challenging; different technologies provide different aspects of protein glycosylation. There have been attempts to select the best possible method to elucidate glycoforms. [22] [23] [24] This study implies that, for the foreseeable future, the choice of appropriate glycoanalytical protocols will continue to be determined by the question. [25] This inter-laboratory study demonstrates that a complete analysis of glycans by any single technology is not currently possible at the time, that sample preparation, separation, analysis and data interpretation need to be rigorously optimized, and that the Bcorrectr esult is still elusive. Although uniform criteria for method verification were not provided due to the principle objective of the study, which was comparison of a variety of well-established approaches for quantitative glycan analysis, we should discuss for the methods to maintain the data reliability and the definition of Btrue glycome^in planning of further studies.
In addition to the qualitative and quantitative comparative analyses of cell glycomes described above, we had set another goal (Task 2) toward establishment and standardization of glycoproteomics technologies aimed at glycobiomarker discovery, i.e., identification of glycoproteins carrying any carbohydrate antigen (e.g., Lewis x structures). The cell lines used in this study are known to express Lewis x, and Lewistype fucosylation was found in the glycomes detected in this study. However, since selective capturing of glycopeptides containing Lewis-type terminal fucose is technically difficult, there was no laboratory that provided reliable data on Task 2 in this study. If selective capturing of the target glycopeptides with a specific structure, Lewis x in this case, becomes possible, the core peptide can be identified by existing LC/MS methods after releasing the glycans. Therefore, it is necessary to develop a method to capture them specifically. In parallel, it will be necessary to confirm that the identified peptides are actually carrying the antigen. To do this, glycopeptides have to be analyzed directly without separating the glycan from the peptide; however, although hyphenated MS methods are starting to be developed for this purpose, this analysis is still in its infancy and needs further developments. [26] Currently, the direct analysis of glycopeptides is becoming possible by tandem mass spectrometric analysis using high-energy collision-induced dissociation (HCD) or electron-transfer dissociation (ETD) MS. Unfortunately, these technologies are still cumbersome and hard to apply to a large-scale complex glycoprotein analysis. Therefore, we are proposing a new international collaboration study aimed at the development and popularization of such glycoproteomics technologies, including high-throughput and in-depth glycome analyses with new glycoinformatics data analysis tools, under the activity of the Biology/Disease-driven Human Proteome Project Initiative of HUPO.
